We investigated the associations of urinary concentrations of antimony, cadmium, tungsten and uranium with geographic locations and with ambient air pollution in 304 adults in the Multi-Ethnic Study of Atherosclerosis from six US cities. After adjustment for sociodemographics, body mass index, and smoking status, urinary cadmium was the highest in Winston-Salem among all study sites (the geometric mean [GM] in Winston-Salem was 0.84 µg/L [95% confidence interval (CI) 0.57-1.22]). The adjusted GMs of urinary tungsten and uranium were highest in Los Angeles (0.11 µg/L [95% CI 0.08-0.16] and 0.019 µg/L [95% CI 0.016-0.023], respectively). The adjusted GM ratio comparing fine particulate matter (PM 2.5 ) tertiles 2 and 3 with the lowest tertile were 1.64 (95% CI 1.05-2.56) and 3.55 (95% CI 2.24-5.63) for tungsten, and 1.18 (95% CI 0.94-1.48) and 1.70 (95% CI 1.34-2.14) for uranium. The results for tungsten remained similar after adjustment for study site. Urinary cadmium, tungsten and uranium concentrations differed by geographic locations in MESA (Multi-Ethnic Study of Atherosclerosis) communities. PM 2.5 levels could contribute to geographic differences in tungsten exposure. These findings highlight the need to implement preventive strategies to decrease toxic metal exposure and to evaluate the health effects of chronic exposure to those metals.
Introduction
Exposure to metals is widespread in the environment. Experimental and epidemiologic evidence support that low-to-moderate chronic exposure to certain toxic metals plays a role in the development of cardiovascular disease, kidney disease, neurocognitive outcomes and also some cancers [1] [2] [3] [4] [5] . Cadmium has been associated with cardiovascular disease, chronic kidney disease, and some
Materials and Methods

Study Population
The Multi-Ethnic Study of Atherosclerosis (MESA) is a population-based cohort study evaluating risk factors for atherosclerosis progression and cardiovascular disease development in participants aged 45 to 84 years old who were free of cardiovascular disease at baseline (2000) (2001) (2002) in 6 urban communities in the United States (Baltimore, MD; Chicago, IL; Los Angeles, CA; New York, NY; St. Paul, MN; and Winston-Salem, NC) [26] . We recently measured baseline urinary metal concentrations in an overall sample of 310 participants from the 6 study sites based on funding available (90 White, 75 Black, 75 Hispanic, and 70 Chinese American participants). These 310 participants were selected using random stratification by site and race group with a predetermined distribution of participants per race and site to ensure sufficient numbers for stratified analyses. For this study, we excluded 6 participants missing data on ambient air pollution exposures, leaving a total of 304 participants for this analysis ( Table 1 ). The MESA study was approved by the institutional review boards of each study site and written informed consent was obtained from all participants. Abbreviations: CI, confidence interval; GM, geometric mean; NOx, nitrogen oxides; PM 2.5 , fine particulate matter.
Antimony, cadmium, tungsten and uranium were measured in spot urine specimens collected at MESA Exam 1 (2000) using inductively coupled plasma mass spectrometry (ICPMS) at the Trace Element Laboratory of University of Graz, Austria following an established protocol [27] . The limits of detection (LOD) were 0.006 µg/L for antimony, 0.015 µg/L for cadmium, 0.005 µg/L for tungsten, and 0.008 µg/L for uranium. In total, 11.2%, 2.3%, 24.3%, and 34.5% of sample levels were below the LOD for antimony, cadmium, tungsten, and uranium, respectively. For those samples below the LOD, we replaced their values by the LOD divided by the square root of two. To account for urine dilution, urinary metals were all adjusted for urinary specific gravity according to urinary metal concentration * (mean urinary specific gravity´1)/(urinary specific gravity´1) [28] . Estimated glomerular filtration rate (eGFR) was calculated from recalibrated creatinine, age and sex using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [29] .
The Multi-Ethnic Study of Atherosclerosis and Air Pollution (MESA Air) generated predictions of individual-level long-term ambient concentrations of PM 2.5 and NOx for MESA participants as described elsewhere [30] . Baseline air pollution concentrations at each participant's home address were predicted using area-specific hierarchical spatio-temporal models [30] [31] [32] . These models utilize spatially-varying long-term average concentrations, seasonal and long-term trends, and spatially-correlated, but temporally-independent residuals. The MESA Air exposure models are built using monitoring data from the US Environmental Protection Agency (EPA) Air Quality System, supplemented with monitors deployed by MESA Air at fixed sites throughout the study area, monitors at participants' homes, and monitors placed at specific locations to capture roadway concentration gradients (especially in the NOx models). The study-specific data were collected from 27 fixed site monitors situated in MESA communities which collected over 100 consecutive 2-week integrated air samples over the course of the study; monitors placed at a subset of nearly 700 participant homes; and, for NOx monitoring, during simultaneous deployment ("snapshot" campaigns) of over 100 samples in each MESA region during each of three seasons [33] . Each model also employed geographic variables including roadway density, land use, and outputs from dispersion models. To characterize ambient air pollution exposure in this study, we used likelihood-based annual average concentrations of PM 2.5 and NOx for the year 2000 that were estimated for each participant based on the location(s) lived during that year.
Demographics and dietary intake were assessed by questionnaires at MESA Exam 1 (2000) [26] . Participant race/ethnicity was categorized as non-Hispanic White ("White"), non-Hispanic Black ("Black"), Hispanic and Chinese American. Participant education was measured as the highest level completed and categorized as less than or equal to high school and more than high school. Annual family income was collected in thirteen categories and categorized as <$25,000, $25,000-50,000, $50,000-75,000, and ě$75,000. Smoking status was defined as current, former, and never. Pack-years were calculated by multiplying the reported average number of packs of cigarettes smoked per day by the number of years of smoking. Body mass index (BMI) was calculated by dividing measured weight in kilograms by measured height in meters squared. Information on the usual dietary intake during the past year was assessed using a 120-item food frequency questionnaire. We used the 47 MN food groups developed by the working group at the University of Minnesota [34] . Approximately 4.7% of the data elements in the baseline MESA food frequency diet data were missing, and this missingness was accounted for with imputation techniques [34] .
Statistical Analysis
Descriptive analyses were conducted by study site and by participant characteristics. Urinary antimony, cadmium, tungsten and uranium were all right skewed and log transformed for the analysis.
We used multivariable linear regression model with log-transformed urinary metal as the dependent variable. To assess the distribution of metal exposure across study site, we performed pairwise comparisons across the six study sites and calculated adjusted geometric means (GM) at representative values of covariates. For each participant, education was set to "more than high school", annual family income to "$50,000-75,000", race/ethnicity to White, and smoking to former smoker. Other covariates were set to their mean values. To calculate GMs, the predicted log-transformed values of urinary metals were averaged over the participants from each study site and back transformed. We initially adjusted for age, sex, race/ethnicity, BMI, education, and annual family income (Model 1). In Model 2, we further adjusted for smoking status and pack-years. In Models 3 and 4, we further adjusted for log-transformed PM 2.5 and NOx, respectively. We also computed GM ratios of these metals by comparing each tertile to the bottom tertile of PM 2.5 and NOx, respectively. We used the same Models 1 and 2 as in the site analysis. In Model 3, we further adjusted for the other pollutant (log-PM 2.5 for NOx and log-NOx for PM 2.5 ) (two-pollutant model). Model 4 was Model 2 with additional adjustment for study site (categorical). P-value for linear trend was obtained by including in the regression model a continuous variable with the medians corresponding to each tertile of the PM 2.5 /NOx distribution.
We ran several sensitivity analyses. First, we repeated the analysis of urinary cadmium and study site in all four models with further adjustment for secondhand smoke using self-reported hours per week of current secondhand smoke exposure in non-current smokers (see Appendix: Table A1 ). This is because that secondhand smoke is also a potential source of exposure to cadmium besides active smoking (this model was run as a sensitivity analysis because there were 39 participants missing secondhand smoke exposure information) [12] . Second, we conducted the analysis of urinary cadmium and study site with further adjustment for food with high cadmium levels (fruits, vegetables, grains, nuts, red meat and shellfish) [35, 36] , with similar results (see Appendix: Table A1 ). The aim was to control for the impact of the difference in dietary cadmium intake on the geographic associations. Third, we additionally included baseline eGFR in every model to account for the between-site difference in kidney function and its possible impact on the associations evaluated, with similar results (see Appendix: Tables A2-4). Fourth, urinary tungsten and uranium levels below the LOD were imputed using sequential regression implemented in Stata 13.0 using the Multiple Imputation (MI) program [37] , with similar results (see Appendix: Tables A5-7 ). Both urinary tungsten and uranium were imputed as a function of age, sex, race/ethnicity, education, annual family income, and study site and the number of imputations was 10. Last, we ran stratified analyses by sex to evaluate possible sex differences in the geographic associations and the associations with air pollution, with similar results (see Appendix: Tables A8-13). All statistical analyses were performed using Stata version 13.0 (StataCorp LP, College Station, TX, USA). All statistical tests were 2-sided and confidence intervals were set at 95%.
Results
Metal Levels in Urine
The mean age ranged from 58.5 years in Saint Paul to 63.4 years in New York City, and the percentage of men ranged from 40.0% in Winston-Salem to 67.7% in Chicago (Table 1) . Women had higher levels of cadmium than men, and levels of antimony tended to decrease with age ( Figure 1) . Compared with Whites, Chinese Americans had higher levels of tungsten and uranium. Compared with participants in Winston-Salem, participants in Los Angeles had higher levels of tungsten and uranium. Both levels of tungsten and uranium increased with PM 2.5 tertiles. Levels of tungsten and uranium also increased with NOx tertiles, but to a lesser extent than with PM 2.5 .
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Urinary Metals and Study Sites
Across the six study sites in MESA, the adjusted GM of urinary cadmium was highest in Winston-Salem (0.84 µg/L, 95% CI: 0.57-1.22, p value with Bonferroni correction comparing Winston-Salem to Baltimore 0.73; Model 2 in Table 2 ). Further adjustment for PM2.5 or NOx did not change the GMs much (Models 3 and 4 in Table 2 ). In a sensitivity analysis with further adjustment for secondhand smoke, the adjusted GM of urinary cadmium in Winston-Salem decreased by 26.2% (GM 0.62 µg/L, 95% CI: 0.51-0.76; Model 1 in Appendix: Table A1 ), suggesting an attenuation in urinary cadmium after adjustment for self-reported secondhand smoke exposure. The adjusted GMs of urinary antimony were similar across study sites in MESA in all models. 
Across the six study sites in MESA, the adjusted GM of urinary cadmium was highest in Winston-Salem (0.84 µg/L, 95% CI: 0.57-1.22, p value with Bonferroni correction comparing Winston-Salem to Baltimore 0.73; Model 2 in Table 2 ). Further adjustment for PM 2.5 or NOx did not change the GMs much (Models 3 and 4 in Table 2 ). In a sensitivity analysis with further adjustment for secondhand smoke, the adjusted GM of urinary cadmium in Winston-Salem decreased by 26.2% (GM 0.62 µg/L, 95% CI: 0.51-0.76; Model 1 in Appendix: Table A1 ), suggesting an attenuation in urinary cadmium after adjustment for self-reported secondhand smoke exposure. The adjusted GMs of urinary antimony were similar across study sites in MESA in all models.
The adjusted GM of urinary tungsten was highest in Los Angeles among all study sites (0.11 µg/L, 95% CI 0.08, 0.16, p value with Bonferroni correction comparing Los Angeles to Saint Paul < 0.001; Model 2 in Table 2 ). Further adjustment for PM 2.5 attenuated the GM in Los Angeles by 36.4% (0.070 µg/L, 95% CI: 0.035-0.14; Model 3 in Table 2 ), while adjustment for NOx attenuated the GM by 12.7% (0.096 µg/L, 95% CI: 0.063-0.15; Model 4 in Table 2 ). The adjusted GM of urinary uranium was highest in Los Angeles among all six sites (0.019 µg/L, 95% CI: 0.016-0.023, p value with Bonferroni correction comparing Los Angeles to Saint Paul < 0.001; Model 2 in Table 2 ). Further adjustment for either PM 2.5 or NOx did not change the GMs much (Models 3 and 4 in Table 2 ). Table 2 . Adjusted geometric means (95% confidence interval) of urinary metals by study sites. 
Study
Urinary Metals and Ambient Air Pollution
Urinary tungsten was positively associated with PM 2.5 levels (Table 3) . After adjustment for age, sex, race/ethnicity, BMI, education, annual family income, smoking status, and pack-years, GM ratios of urinary tungsten comparing PM 2.5 tertiles 2 and 3 with the lowest tertile were 1.64 (95% CI: 1.05-2.56) and 3.55 (95% CI: 2.24-5.63) (Model 2 in Table 3 ). Significant but weaker associations were observed after further adjustment for study site (Model 4 in Table 3 ). Urinary uranium was only weakly associated with PM 2.5 levels ( Table 3 ). The adjusted GM ratios of urinary uranium comparing PM 2.5 tertiles 2 and 3 with the lowest tertile were 1.18 (95% CI: 0.94-1.48) and 1.70 (95% CI: 1.34-2.14) (Model 2 in Table 3 ). When we further adjusted for study site, the magnitude of association decreased and included the null value (Model 4 in Table 3 ). Association of NOx with urinary tungsten and uranium only existed in minimally adjusted models (Model 1 and Model 2 in Appendix: Table A14 ). When further adjusted for PM 2.5 , the observed associations disappeared. For urinary antimony and cadmium, no association was apparent with either PM 2.5 or NOx (Table 3 and Appendix: Table A14 ).
Discussion
Urinary cadmium, tungsten and uranium concentrations differed by geographic locations in MESA communities. Participants from Winston-Salem had higher urinary cadmium levels than participants from any other site. Higher cadmium concentrations in Winston-Salem could reflect the higher prevalence of active smoking and possibly the higher secondhand smoke exposure. Participants from Los Angeles had higher urinary tungsten and uranium levels than participants from any other site. Higher tungsten and uranium levels in Los Angeles could reflect the higher exposure from groundwater. PM 2.5 levels were associated with higher urinary tungsten and uranium levels. The association between PM 2.5 and urinary tungsten levels decreased but persisted after further adjustment for study site, whereas the association between PM 2.5 and urinary uranium was markedly attenuated and became nonsignificant. PM 2.5 levels could contribute to the geographic difference in tungsten exposure. Although sex differences in urinary metal concentration levels may exist due to physiological status and sociobehavioral factors, overall we observed consistent associations by geography and PM 2.5 levels in males and females.
Cadmium
Cadmium levels in urine were the highest in subjects in Winston-Salem among all study sites. Smoking, and secondhand smoke in particular, might explain the difference in cadmium exposure in MESA communities. A previous study in NHANES showed that urinary cadmium was approximately twice and 1.5 times as high in current and former smokers as in never smokers [14] . In 2000, state-specific prevalence of current cigarette smoking among adults was similar in Illinois, Maryland, Minnesota and New York (range 19.8%-22.3%) and they ranked in the bottom half among all states [15] . Prevalence of current cigarette smoking among adults was low in California (17.2%) due to its decade-long strict smoke-free laws in public places [15, 25] , and markedly high in North Carolina (26.1%) [15] . Furthermore, for participants in Winston-Salem, the high prevalence of active smoking would result in an increase in secondhand smoke exposures, especially in never smokers and former smokers. In a model with further adjustment for secondhand smoke, GM decreased by 26.2% in participants in Winston-Salem. Although food is a major source of exposure to cadmium in non-smokers [12] , our results remained similar after adjustment for intake of high-cadmium food groups.
Tungsten and Uranium
Tungsten and uranium levels in urine were the highest in participants in Los Angeles among all study sites. Drinking water from groundwater sources can be a relevant source of tungsten and uranium exposure because locations with natural formations have elevated levels of these metals in groundwater, and groundwater is a common source of water in the Western US [11, 13] . California is the state with the third highest uranium concentrations in drinking water, with uranium levels of 2.7 pCi/L [16] . Although tungsten levels in drinking water are generally unknown, releases to groundwater typically occur in regions where natural formations of tungsten minerals are prevalent, including California [38] .
Although human exposures to tungsten from air are very low, entry into the air occurs during tungsten ore processing, alloy fabrication, tungsten carbide production and use, as well as during municipal waste combustion [11] . This study provides cross-sectional evidence suggesting the association of PM 2.5 level with urinary tungsten. The association is possible because: (1) the GM of urinary tungsten in participants in Los Angeles decreased by 36.4% with further adjustment for PM 2.5 levels; and (2) the associations of PM 2.5 tertiles with urinary tungsten persisted in models with adjustment for study sites. Tungsten is thrombogenic and proinflammatory and has been linked to cardiovascular disease, peripheral arterial disease, and possibly diabetes [2, 6, 7] . Our finding of differential tungsten exposure by geographical location as well as the relationship between PM 2.5 and urinary tungsten requires additional research, as so little is known regarding the sources of tungsten for the general population, and it may guide regulations of tungsten exposure from water and air.
Uranium levels in urine were only weakly associated with PM 2.5 levels in the model without adjustment for study sites. However, the association disappeared with further adjustment for study sites. It is possible that the apparent association of PM 2.5 level with urinary uranium might be due to confounding by study sites, and adjustment for study sites controlled for other environmental sources of uranium (e.g., groundwater) different across study sites.
Limitations and Strengths
Our study has some limitations. First, our analysis was limited by the relatively small sample size, and thus we might miss weak associations between geographical locations and some metals. Second, as in most epidemiologic studies of urinary metals we used spot urine samples, which requires adjustment for urine dilution. There are scientific debates about whether it is better to adjust for urine dilution using urine specific gravity or urine creatinine. In our study, we adjusted for urinary specific gravity because urinary creatinine is also a marker of creatinine production, and thus it is associated with age, sex, and muscle mass [39] . Specific gravity corrections could introduce less variability than urinary creatinine corrections. In a sensitivity analysis with adjustment of urinary creatinine, we found similar results. Third, the use of single measurement of urinary metals might not accurately reflect long-term body burden of metals [40] . Other limitations involve the cross-sectional design and residual confounding by socioeconomic status.
Despite these limitations, this study has several strengths. We investigated the geographical differences of urinary metals across the US and the association of household-level PM 2.5 and NOx exposure with urinary metals in a multi-ethnic cohort of the general population. Moreover, we utilized the specialized and complex monitoring exposure models from MESA Air to predict spatially resolved estimates at each participant's home, thus minimizing measurement error in the exposure prediction [32] . This would allow us to obtain less biased measures of association. Other important strengths of this study include high quality and standard protocols of data collection, laboratory procedures to determine urinary metals, and ability to adjust for non-air pollution sources of metal exposure including smoking and diet.
Conclusions
Urinary cadmium, tungsten and uranium concentrations differed by geographic locations in MESA communities. Higher cadmium concentrations in Winston-Salem could reflect the higher prevalence of active smoking and probably the higher secondhand smoke exposure. Higher tungsten and uranium in Los Angeles might indicate higher tungsten and uranium exposure from groundwater. There was a positive association of PM 2.5 levels with urinary tungsten after controlling for study sites, suggesting that air pollution might explain the site difference in urinary tungsten. Higher cadmium exposure in Winston-Salem underscores the need for intensive smoking prevention campaigns in North Carolina. Given the emerging evidence of health effects of tungsten and uranium in the general population, the health impact of chronic exposure to these metals requires evaluation in the population in Los Angeles. The observed association of PM 2.5 levels and urinary tungsten warrants further research on PM 2.5 speciation to confirm this relationship. Our study helps identify modifiable sources of toxic metal exposure that contributes to the geographical differences across MESA communities.
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